Abstract: MPT63, a major secreted protein from Mycobacterium tuberculosis, has been shown to have immunogenic properties and has been implicated in virulence. MPT63 is a b-sandwich protein containing 11 b strands and a very short stretch of 3 10 helix. The detailed experimental and computational study reported here investigates the equilibrium unfolding transition of MPT63. It is shown that in spite of being a complete b-sheet protein, MPT63 has a strong propensity toward helix structures in its early intermediates. Far UV-CD and FTIR spectra clearly suggest that the low-pH intermediate of MTP63 has enhanced helical content, while fluorescence correlation spectroscopy suggests a significant contraction. Molecular dynamics simulation complements the experimental results indicating that the unfolded state of MPT63 traverses through intermediate forms with increased helical characteristics. It is found that this early intermediate contains exposed hydrophobic surface, and is aggregation prone. Although MPT63 is a complete b-sheet protein in its native form, the present findings suggest that the secondary structure preferences of the local interactions in early folding pathway may not always follow the native conformation. Furthermore, the Gly25Ala mutant supports the proposed hypothesis by increasing the non-native helical propensity of the protein structure.
Introduction
A globular protein can fold spontaneously to its native structure, and this process may involve both local and nonlocal interactions. The local interactions occuring early in the folding pathway have been shown to result in non-native conformations. [1] [2] [3] Kuwajima et al. earlier found the formation of a helical intermediate state in the predominantly bsheet protein b-lactoglobulin. 4 Although this 162 residue globular protein primarily contains bstrands, by using stopped flow circular dichroism (CD) kinetics, Hamada et al suggested that there is a prominent accumulation of helical structure in its early folding. 5 The presence of a helical intermediate has been observed in the folding landscape of intestinal fatty acid binding protein. 6, 7 In this study, we have shown an early enhancement of helical characteristics in the unfolding pathway of a Mycobacterium tuberculosis protein, MPT63. MPT63 is a small, almost entirely b-sheet protein, which is being used in our laboratory as a convenient model protein for folding studies.
high level of humoral responses in tuberculosis infected patients. 10, 11 It has significant sequence and structural similarity with other members of the immunoglobulin superfamily. MPT63 is a 130 residue b sandwich protein consisting of two antiparallel b sheets that are made up of 11 b strands and a very short stretch (3 amino acids) of 3 10 helix at the start of sixth b strand. The longer stranded b-sheet is made up of four antiparallel b-strands, whereas the shorter stranded b-sheet consists of five b-strands. It is noteworthy that the amino-terminal b-strand of this protein forms a parallel b-sheet with the carboxy-terminal b-strand. The only helical secondary structure is a 3 10 helix comprising three residues (Val65-Gln67). We have recently used phosphorescence spectroscopy to show that this protein is unfolded by guanidinium hydrochloride in a stepwise manner. 12 Acid resistance of different enteric pathogens such as Helicobacter pylori, Escherichia coli, and Vibrio cholerae has been extensively studied. [13] [14] [15] [16] These pathogens survive in the extremely low pH environment of the stomach (pH values between 1 and 3). In contrast, tuberculosis (TB) is mainly a pulmonary infection and therefore M. tuberculosis predominantly resides inside macrophages and endures a low pH of around 4. 17 However, there have been reports of extrapulmonary TB incidents, among which abdominal TB is the most common type. 18 In this case, tuberculosis infections occur in multiple components of the gastro intestinal (GI) system, including the GI track, liver, spleen, and pancreas. 19 In the case of GI TB, M. tuberculosis is expected to encounter the acidic pH of stomach (as low as pH [1] [2] [3] . Interestingly, the response of an intracellular pathogen such as M. tuberculosis in such low pH has never been studied. As MPT63 is immunogenic in TB, its conformational study at low pH may provide initial insights into the mechanism of GI TB pathogenesis. Detailed far-UV CD, steady-state fluorescence spectroscopy, FTIR, and fluorescence correlation spectroscopy (FCS) studies have been carried out to monitor the equilibrium unfolding transitions of MPT63. Far-UV CD and steady-state fluorescence results suggest that the addition of 2M guanidinium hydrochloride (Gdn.HCl) results in significant unfolding. FCS data at acidic pH of 1.25 shows a decrease in the hydrodynamic radius of the protein. These data, in combination with far UV CD and FTIR, clearly suggest the formation of an intermediate at pH 1.25, which contains significant helical structure. The helical structure can be stabilized further by adding 2,2,2-trifluoroethanol (TFE). Computational studies using molecular dynamics (MD) simulations support the experimental results. The early time scales in the refolding simulations ($100 ns) suggest a greater extent of helical structure when compared to the native MPT63. MD simulations predict the presence of three helices near the proximity of residues 20, 80, and 130 that are absent from the native structure. A glycine to alanine substitution in the helix-prone N-terminal region of MPT63 enhances the helical propensity of this segment. To validate the computational results, the alanine mutant of MPT63 (Gly25AlaMPT63) has been prepared. Interestingly, spectroscopic measurements of this mutant support the MD simulation results.
Results and Discussion
pH-induced conformational changes of MPT63 analyzed by far-UV CD, steady-state fluorescence and FT-IR The far-UV CD spectrum of wild type (WT) MPT63 in its native buffer (20 mM sodium phosphate buffer at pH 7.5) is shown in Figure 1 (A) (black curve). The observed spectrum is characterized by a prominent negative peak at 216 nm confirming its overall b-sheet secondary structure. 9 Interestingly, the far-UV CD spectrum of MPT63 contains another small negative peak at 231 nm. Although the exact reason for the presence of this peak is not known, we believe that its appearance is a result of tertiary interactions of the aromatic residues inside the hydrophobic core of the protein. 20 It has been shown recently that Trp26, one of the four tryptophan residues present in MPT63, contributes significantly to the 231 nm peak. A mutation at Trp26 (Trp26Phe) removes the 231 nm peak. 8 It may be noted that similar peaks around 230 nm have been observed in the case of other proteins with immunoglobulin-like folds. 9, 21 In the presence of 2M Gdn.HCl at pH 7.5, the ellipticity decreases significantly and the far-UV CD spectrum becomes featureless [ Fig. 1(A) , blue curve]. This characteristic is typically observed in the case of unfolding induced by a denaturant, like Gdn.HCl. In contrast, at low pH [ Fig. 1(A) ], the far-UV CD spectrum of MPT63 has been found to be quite different. At low pH (pH 1.25), the ellipticity of the protein increases significantly [ Fig. 1(A) , red curve], a feature not commonly observed for an acid-induced unfolded protein. 22 Typically, far-UV CD shows a decrease in the ellipticity (not an increase), when a protein is subjected to low pH as evident for the intestinal fatty acid binding proteins. 23 Steady-state Trp fluorescence is a convenient method to monitor the local conformation of a protein around its tryptophan residues. Figure 1(B) shows the steady-state fluorescence emission spectra of MPT63 in the presence of different solution conditions. We use an excitation wavelength of 295 nm to exclude the contributions of the four tyrosine residues, which are present in MPT63. In the native solution condition, the maximum of the steady-state fluorescence spectrum has been found at 328 nm, which is typical for a well-folded globular protein. This emission maximum typically indicates that the tryptophan residues are situated inside a hydrophobic environment. In the presence of 2M Gdn.HCl, the steady-state emission maximum shifts to 350 nm as a result of chemical unfolding of the protein. This shift in the emission maximum in the presence of 2M Gdn.HCl is accompanied by a large quenching of the fluorescence intensity. In contrast, at low pH of 1.25, the fluorescence emission maximum does not change much, although a significant decrease in the emission intensity is observed [ Fig. 1(B) ].
The inset of Figure 1 (A) plots the changes in the ellipticity at 216 nm, which is obtained by subjecting WT MPT63 to different pH conditions. The data show no or insignificant change in the ellipticity between pH 7.5 and pH 2.5. However, the values of ellipticity at 216 nm show a small but prominent decrease (become less negative) between pH 2.5 and 2. This change is followed by a large increase in the ellipticity, which occurs between pH 2 and 1.25. In contrast, the variation in fluorescence intensity with pH [inset in Fig. 1(B) ] shows a large decrease between pH 3 and pH 1.25. As far-UV CD is a probe for the secondary structure, it typically shows a prominent decrease as a result of protein unfolding. The decrease in the far-UV CD that we observe in the presence of 2M Gdn.HCl is hence expected. As low pH generally leads to a partial or complete unfolding of proteins, the increase in the ellipticity observed between pH 2 and pH 1.25 is surprising.
To obtain more insights into the nature of this low pH form, the difference in ellipticity of the CD spectrum between pH 1.25 and 7.5 has been measured [ Fig. 1(C) ]. The difference far-UV CD spectrum at low pH clearly shows the appearance of two negative minima at 222 nm and 209 nm. This is accompanied by a decrease in the ellipticity at 216 nm [ Fig. 1(C) ]. As alpha helical proteins are characterized by double minima at 222 nm and 209 nm and proteins containing beta sheet show a negative minimum at 216 nm, the above results clearly suggest a low-pH-induced increase in helical structure, which is accompanied by a simultaneous decrease in beta sheet. The discussed results suggest that the low-pH intermediate of MTP63 has enhanced helical content.
FT-IR spectroscopy has been used to complement the far-UV CD data. IR spectroscopy probes universally available amide (peptide) bonds, which display distinct IR signals for differently folded peptides and proteins. Figure 1(D,E) The far-UV CD and FT-IR experiments described above suggest the formation of an intermediate at low pH with increased alpha helical content. This is interesting as the WT protein in its native state is almost entirely a beta sheet protein (with the exception of a short 3 10 helix). It can be speculated that the protein may have an inherent tendency to form local helical structure, which is destabilized by hydrogen bonding and other long range contacts which play important roles in maintaining the native state at pH 7.5. At low pH, which disfavors both the long distance interactions and hydrogen bonding, the contributions of the local interactions may become predominant. These local contacts, which are expected to be hydrophobic, are probably responsible for the entirely different alpha helical structure observed at low pH. It may be noted that the predominant hydrophobic interactions at low pH lead to partial folding and formation of "molten globule" intermediates for a large number of proteins. 25 As suggested by Lim et al., even proteins with native b-sheet structures may possess strong potential to form helices. 26 Lim's hypothesis suggests that helical structure accumulation could be possible early in the folding of a complete b-sheet protein, which may subsequently get destabilized as the folding progresses. Goto et al. observed the accumulation of early helices in the case of a predominantly b-sheet protein b-lactoglobulin. 5 Earlier it has been shown that the formation of hydrophobic contacts and the generation of local secondary structure depend on several factors including the nature of solvent 27 and mutation at the area of hydrophobic clustering. 23 To get more insights into the conformation changes at different pH, we have studied the binding of 1-anilino-8-naphthalene-sulfonate (ANS) to MPT63. ANS binding has been extensively used as a reporter to the exposed hydrophobic surface of a protein. The binding of ANS to the protein is insignificant at pH 7.5 [ Fig. 1(F) ]. In contrast, an increase in the fluorescent intensity and a blue shift of the emission maxima have been observed at pH value lower than 2. This large increase in the extent of binding is seen at pH 1.5 and 1.25, suggesting the presence of exposed hydrophobic surface at low pH.
The low-pH intermediate is aggregation prone
Subsequently, we wanted to find out if MPT63 or its low-pH intermediate has any propensity to form amyloid-like aggregates. To investigate this, thioflavin-T (ThT), a dye which binds to cross beta structures, was used. ThT exhibits enhanced fluorescence upon binding with amyloid fibrils. No significant increase in the fluorescence intensity was observed when the protein is incubated at pH 7.5 buffer. In contrast, a large increase in the fluorescence intensity was seen at pH 1.25. We have measured ThT binding of MPT63 at different pH and plotted this together with the CD data at 222 nm (Fig. 2) . The data suggest a direct relationship between amyloid formation and helical structure accumulation at low pH. At pH 1.25, the ThT fluorescence intensity is found to increase with time, with a plateau after 4 h (inset of the figure) . No large change in intensity between 4 h and 24 h was observed. There is no change in fluorescence intensity at pH 7.5. The ThT binding data suggest that the lowpH intermediate is aggregation prone.
Fluorescence correlation spectroscopy (FCS) suggests a compaction of the protein at low pH FCS experiments have been carried out to study the translational diffusion of the folded and low-pH intermediate states of MPT63. FCS measures fluorescence intensity fluctuations as the proteins diffuse in and out of the confocal volume. Optimum analyses of the correlation function can provide sensitive information on the hydrodynamic radius (r H ) of a protein at single molecule sensitivity.
28 Figure 3 shows the autocorrelation functions obtained with the Alexa488Maleimide-labeled Gly20Cys mutant of MPT63 (Alexa488MPT63) at the native folded condition (pH 7.5), at low pH (pH 1.25), and at denatured condition (in the presence of a chemical denaturant, Gdn.HCl). We previously observed that MPT63Gly20Cys shows similar structural and conformational features as the native WT protein when monitored by far-UV CD and steady-state fluorescence. 29 Correlation functions optimally fit a single component diffusion model. The goodness of the fit is determined using the randomness of the residual distributions. 
In the case of MPT63, the calculated r H for the chemically unfolded protein has been found to be 35.4 Å . This value correlates well with the r H value calculated from the FCS data of Gdn.HCl treated MPT63 (30 Å ) .
Interestingly, at pH 1.25, MPT63 has been found to diffuse faster and the estimated r H value (14.6 Å ) (Table I) is less than that of the native protein (20.2 Å ). Unfolding at low pH generally increases the values of s D increasing r H . This is expected because low pH is supposed to increase charge repulsion between positively charged residues leading to the formation of an extended state. In contrast, the decrease in diffusion time observed here suggests the formation of a more compact structure at pH 1.25. As helices are predicted to diffuse faster, this compact 
TFE induced conformational changes in MPT63
TFE is known to stabilize helical structures of proteins and peptides. TFE, as a hydrogen bond donor, participates in forming direct hydrogen bonds with carbonyl backbone of proteins, which has been shown to enhance helix structure in model protein systems. 5, 32 Figure 4(A) shows the far-UV CD spectra of MPT63 at pH 1.25 in the presence of different concentrations of TFE. A stable helical structure of appreciable extent is found to form at low pH in the presence of TFE. The change in ellipticity at 222 nm at pH 1.25 has been plotted in Figure 4 (B).
The experimental results discussed above suggest that at low pH, MPT63 assumes an intermediate structure with significant helical content. The propensity of the helix formation is further enhanced at low pH in the presence of TFE. Incidentally, no helix formation has been observed in the native or completely unfolded (in the presence of chemical denaturants) states of MPT63. These observations indicate that the partially folded (and not the completely unfolded or folded) states of MPT63 may have significant propensity to form helical intermediates, which can be further stabilized by using appropriate solution conditions, like the presence of TFE. In the following paragraphs, we discuss our computational results to support experimental observation that MPT63 may have existing bias toward helical structures, particularly at the partially unfolded states.
Computational studies in support of the experimental observation
To explore the presence of any additional helices, we have unfolded the protein at elevated temperature, which is followed by folding at low temperature. Our objective is to identify any helical intermediate that the protein might populate while traversing from the unfolded to its native configuration. To attain the unfolded state computationally, molecular dynamics simulations have been performed at 550 K for 20 ns, where the backbone RMSD attains a value of $18 Å at the end of the simulation [ Fig. 5(A) ]. Our reported R g (14 Å ) of the native protein calculated from simulation data is in agreement with R g obtained from the crystal structure of MPT63 (15.1 Å ) as computed by HYDRO-PRO. 30 The R g of 15.1 Å approximately corresponds to a hydrodynamic radius of 19.48 Å , as calculated using the published relationship. 31 The computational results also reveal a significant decrease in the secondary structure content (particularly the beta sheet) as a result of the heat-induced unfolding [ Fig. 5(B) and Table II ]. The extended end point structure of this simulation has been used as the starting structure for conducting the refolding runs at 300 K. The refolding runs [ Fig. 5(C) ] obtained by the molecular dynamic simulations show that the helical elements of protein secondary structure have evolved within 100 ns. It may be noted that biophysical measurements and computer simulation studies have already demonstrated that many of the local elements of protein structures can be generated very rapidly. It has been reported that the formation of helix can take place as early as within 100 ns. 33, 34 Therefore, our results of local helix formation within the time scale of 100 ns are well correlated with previous experimental and computational findings. A total of eight simulations with different time lengths have been performed. Five refolding simulations continued for 100 ns, while three other simulations were carried out for 200, 500, and 800 ns, respectively. In all cases, an overall increase in the total helical content was observed as the protein was allowed to refold. The percentage of helices was found to increase to $6%, compared with $1% present in the computationally unfolded starting structure for refolding simulations. The average secondary structure content for the last 20 ns of the trajectories is shown in Table II. Table II also reports average secondary structure content of native crystal structure. To provide more extensive characterization of the secondary structure content of MPT63 produced in these simulations, we calculated the propensity of helices as a function of amino acid residue within the MPT63 sequence [ Fig. 6(A) ]. From the figure, it is clearly evident that MPT63 generates three additional helices near the vicinity of residues 20, 80, and 130 during refolding. These are found to alternate between 3 10 helix and alpha-helices. Several independent simulations were carried out using different random velocities to validate the results. We realize that the heat-induced denatured starting structure which has been used in our simulation for the refolding simulation may have some residual structures that can bias the result of occurrence of helices. To investigate the effect of these residual structures, assistance from ab-initio peptide folding study has also been adopted where peptide structure evolves from linear chain of amino acids. The PEP-Fold3 server, 35, 36 an online resource for de novo peptide structure prediction was used for this purpose. These calculations also predict the existence of three probable helices near residues 20, 80, and 130 [ Fig. 6(A) ]. Although the prediction from the PEP-Fold3 (without any residual structure) is very similar to a simulation beginning from the heat denatured state, there can be subtle differences between the helical structures. It is difficult for us to understand at this point whether the difference occurs due to the presence of any residual structure, or due the difference in the prediction algorithm. Finally, to find the probable stretches having helix forming potential, we attempt bioinformatics sequence analysis of MPT63. Sequence analysis reveals the existence of eight stretches with chameleon signature within MPT63 such as 19VGQVVL24, 27KVSDLK32, 28VSDLKS33, 34SDLKSST40, 56AIRGSV61, 52ATV-NAI57, 51TATVNA56, and 69NARTAD74 as determined from ChSeq database. 37 These chameleon sequences show the potential to attain both helical and strand conformations but they are comparatively short to be stabilized by local interaction alone. These sequences principally exist as b-sheet or coil in the original crystal structure, but may acquire non-native helical conformation in an intermediate state of the same protein or in a different protein. Interestingly, MPT63 shows the presence of two short overlapping stretches of chameleon sequences KVSDLK (residues 27-32) and VSDLKS (residues 28-33) near the Nterminus with propensity to form helices as visualized both from refolding simulation and the ab initio study discussed above.
The effect of the Gly25Ala mutation on conformational behavior of MPT63
The simulation studies reported here also indicate that the N-terminal helix typically contains residues like Val22, Val23, Leu24, and Gly25. It has been noted that the sequence of MPT63 has residues Trp26, Lys27, Val28, Ser29, Asp30, Leu31, and Lys32 next to the Gly25. It is known that Trp, Asp, and Leu have higher propensities toward helix formation, 38 and there are several of these neighboring Gly25. As the propensity of Gly to form alpha helix is very low, we mutated this residue to Ala (which has the highest propensity toward helix formation) [ Fig.  6(B) ]. It has been hypothesized that this mutation would form a continuous alpha helix containing Ala25 and the surrounding residues. As Gly has the lowest helical propensity, we have alternatively designed two Gly substitution mutants (Leu24Gly and Val23Gly) with the expectation that these would result in less helical content. The Gly25Ala mutant was then subjected to several refolding simulations to determine if this mutation could affect the overall helical content of MPT63. The total and percentage of helical content for both WT MPT63 and Gly25AlaMPT63 have been calculated [ Fig. 6(C-F) , respectively]. Figure 6 suggests that the helical content of Gly25Ala is enhanced upon Ala substitution. Additionally, we found that the propensity of the adjoining residues to form helices was also increased. Therefore, the substitution of Gly by Ala appears to promote more helical content in the overall conformation of MPT63. The Pep-Fold3 server also portrays welldefined helical conformation upon Ala substitution [ Fig. 6(B) ]. Interestingly, the folding pathways of other two mutants (Leu24Gly and Val23Gly), as studied by time evolution MD simulation, suggest significant decrease in the overall helical content [ Fig. 6(G) ].
The distributions of the backbone (/, w) angles for each residue corresponding to three probable helical regions of WT MPT63 have been analyzed. Data for these residues are pooled together. The distributions of the Ramachandran (/, w) angles collected from the simulations indicate that these residues mostly populate helical regions. These data reconfirm the appearance of three intermediate helices while the protein undergoes folding from an unfolded state [ Fig. 7(A-C) ]. The distributions of /, w angles in a Ramachandran plot for Gly25AlaMPT63 [ Fig. 7(D-F) ] also illustrate the existence of three prominent helices that the mutant may visit in the folding energy landscape. The Gly to Ala substitution (in the Gly25Ala mutant) has been found to be within the allowed region of helical structure of Ramachandran plot. Our results show that the N-terminal helix is maintained throughout the simulation up to 100 ns for all the refolding runs performed for the Gly25Ala mutant.
Subsequently, we have also used site-directed mutagenesis to prepare the Gly25Ala mutant to experimentally validate the computational findings. Far-UV CD at pH 7.5 shows that both WT and the Gly25Ala mutant contain similar secondary structures [ Fig. 8(A-C) ]. However, at low pH in both the absence and presence of TFE, there is a large increase in the helical content of the Gly25Ala mutant, when compared with the data obtained with the WT protein. The far-UV CD data has been complemented by FT-IR measurements [ Fig. 8(D,E) ].
Conclusion
The native structure of the protein is determined by both local interactions between nearby regions and nonlocal interactions mediated by residues distant from each other. Although there exist many controversies regarding the early events of protein folding, it is generally believed that different processes may compete, resulting in significant heterogeneity. It has recently been shown that the hydrophobic clustering and the generation of secondary structure may occur in subsequent steps or in concert depending on solution conditions. 27 We have also found that hydrophobic mutation at the hydrophobic core can speed up early contact formation, resulting in misfolding; while similar increase in hydrophobicity elsewhere in the same protein did not seem to have any significant effect. 23 At the early stage of folding, local hydrophobic contact formation is expected to predominate over the long distant interactions, which is presumably the reason for the observed helical structure in the intermediate state. As folding proceeds further, these non-native helices would potentially encounter multiple possible pathways: they may fold correctly into the native structure or they may misfold and aggregate. Alternatively, they may fold into a predominately helical conformer provided sufficient helix inducing conditions (like adding TFE, or using a protein template in which nonlocal interactions support the early helix formation) are present. In the case of the first possible pathway (folding into the correct b-sheet structure), the protein needs to break the misfolded helical contacts to form the correct structure. Depending on the position of the rate-limiting steps of a folding landscape, this process may slow down the overall folding kinetics. The position and resulting effect of rate-limiting step on the folding kinetics are extensively studied and widely debated. Examples of the second possible pathway may come from the aggregation of alpha synuclein, a natively unfolded protein which aggregates through the formation of a helix intermediate in the presence of lipid membrane. 39 Although proteins, particularly those based on beta-sheet structure, can take a long time to fold, 34 we can trace the intermediate confor-
mations that a protein may visit in the folding energy landscape in early folding events. Sequence analysis of MPT63 shows the presence of eight stretches with chameleon signature. These chameleon sequences can fold locally to form either alpha or beta-sheet secondary structure. The results described here suggest that MPT63 primarily contains three regions with high propensity for helices. One of them is situated at the N-terminal region and Ala (which is more helically preferable residue) substitution at this region leads to increased helical propensity. This is observed both computationally and experimentally. 
Materials and Methods

Expression and purification of MPT63 and its mutants
The plasmid pQE30 containing the WT MPT63 gene was kindly provided by Dr. David Eisenberg (University of California, Los Angeles, U.S.). Plasmids were transformed in E. coli XL1-Blue cells. Sitedirected mutagenesis (Gly20Cys and Gly25Ala) was carried out using a Quick Change Lighting sitedirected mutagenesis kit (Agilent Technologies). The mutations were verified by DNA sequencing.pQE30 was transformed into XL1-Blue cells and these transformed strains were used to express and purify WT as well as mutants of MPT63. Single colony of transformed XL1-Blue cells were grown aerobically at 378C in an LB medium containing 100 lg/mL ampicillin and induced with 1 mM IPTG for 4 h when the absorbance of the medium reaches 0.5 at 600 nm. Cells were harvested by centrifugation at 8000 rpm for 10 min at 48C and resuspended in 40 mL of sonication buffer (50 mM potassium phosphate, 300 mM KCl, 10 mM imidazole, pH 7.8). Cells were subjected to one cycle of freezing-thawing and 1 mM phenylmethylsulfonyl fluoride (PMSF) was added to the sonication buffer prior to sonication. Cell lysates were then centrifuged at 12,500 rpm for 45 min at 48C and supernatants were mixed with 2 mL of Ni-NTA agarose resin (Qiagen), previously equilibrated in sonication buffer, and stirred at 48C for 1 h. The protein and resin slurry were then loaded onto a column and washed with 10 volumes of sonication buffer followed by 10 volumes of wash buffer (50 mM potassium phosphate K 3 PO 4 , 300 mM KCl, 20 mM imidazole, pH 7.8). Protein was eluted in the same buffer with a gradient of 20-500 mM imidazole. Fractions were then analyzed by SDS-PAGE and those containing the protein were pooled and dialyzed overnight against ResourceQ start buffer (30 mM Tris-HCl, pH 8.7). This dialyzed sample was then applied to a ResourceQ FPLC column preequilibrated in ResourceQ start buffer (30 mM TrisHCl, 100 mM KCl, pH 8.7). The column was washed with 20 volumes of the same buffer, and the protein was eluted with a 0-500 mM KCl gradient. Fractions containing purified protein as assessed by SDS-PAGE (purity >90%) were pooled and dialyzed against 20 mM sodium phosphate buffer pH 7.5 and aliquots were stored at 2208C until required.
Circular dichroism spectroscopy
Circular dichroism (CD) spectra were recorded using a Jasco J720 spectropolarimeter (Japan Spectroscopic Ltd.). Far-UV CD measurements (between 200 and 250 nm) were performed with 10 lM protein using a cuvette with the path length of 1 mm. Eight spectra were collected in continuous mode and averaged. Protein solutions were made in sodium phosphate buffer pH 7.5.
Steady-state fluorescence spectroscopy
The steady-state fluorescence emission measurements of MPT63 in different pH conditions (7.5-1.25) were carried out with a PTI (Photon Technology International) Felix32 fluorometer in a cuvette of 1 cm path length and using 1 mM protein concentration at 258C. For tryptophan fluorescence measurements, the samples were excited at 295 nm to avoid any contribution of tyrosine residues and emission spectra were recorded between 300 and 450 nm.
FTIR spectroscopy
FTIR spectra of MPT63 were measured using a Bruker Tensor 27 FTIR spectrometer. The FTIR spectral readouts were taken at pH 7.5 and 1.25 immediately after dispensing the proteins in respective buffer solutions. Buffer baseline was subtracted before taking each spectrum. The deconvolution of raw spectra in the amide I region (1600-1700 cm 21 ) and amide II region (1500-1400 cm 21 ) was done by least-squares iterative curve fitting to Gaussian line shapes. The assignment of peaks was done using previously described spectral components associated with different secondary structures. 40 Fluorescence correlation spectroscopy (FCS) experiments and data analysis FCS experiments were carried out using an LSM 510 Meta (Carl Zeiss, Germany) with 403 water immersion objective. The Gly20Cys mutant of MPT63 was labeled with Alexa488Maleimide using a previously published procedure. 41 The labeled protein samples were excited using an argon laser at 488 nm. 
where, N is the number of particles in the observation volume and S is the structure parameter, which is the depth-to-diameter ratio of the Gaussian observation volume. The diffusion coefficient (D) of the molecule can be calculated from s D using Eq. (4): 
where k is the Boltzmann constant, T is the temperature, and g corresponds to the viscosity of the solution.
ANS fluorescence measurements
1-Aniline-8-naphthalene sulfonic acid (ANS) stock solution was prepared in methanol. Final ANS and protein concentration used in the experiments were 100 and 1 mM, respectively. Prior to the experiments, ANS was added to the samples and the solutions were incubated for 10 min before the measurements of ANS fluorescence. Fluorescence spectra of ANScontaining samples were recorded using an excitation wavelength of 370 nm and emission spectra were recorded between 450 and 650 nm at 258C.
Thioflavin T assay
Thioflavin T (ThT) stock solution was prepared in 20 mM sodium phosphate buffer, pH 7.5. Protein solution containing 20 mM of MPT63 was incubated in different buffer solutions. Aliquots were taken at different time incubation and diluted to a final protein concentration of 1 mM. Then ThT solution was added (final ThT concentration 5 mM) and mixed well before fluorescence measurements. Fluorescence measurements were performed at 258C by exciting the sample at 450 nm and monitoring the fluorescence emission from 460 to 550 nm.
Molecular dynamics simulation
The 1.5 Å resolution crystal structure of Mycobacterium tuberculosis-MPT63 containing 131 residues (PDB ID# 1LMI) 9 was chosen as the starting configuration for explicit all atom simulations. Crystallographic water molecules were removed from the system. Simulations were performed at room temperature (300 K) and pH 7.5. To equilibrate the protein to final pH conditions, protonation states of the acidic and basic residues were adjusted based on site-specific pKa values estimated using the PROPKA framework in the PDB2PQ web server. 42 The protein was immersed in a triclinic box of SPC/ E 43 type explicit water molecules. All protein atoms were at a distance equal to 10 Å from the box edges. The system at physiological pH was neutralized by adding 4 Na 1 ions. Energy minimization was carried out using the steepest descent method followed by equilibration. All systems were equilibrated in two stages, applying position restraints to all heavy atoms. The first phase employed a canonical (NVT) ensemble for 100 ps. The second phase of equilibration employed an isothermal-isobaric ensemble (NPT) ensemble for 100 ps. Temperature and pressure were maintained at 300 K and 1 Bar, respectively. The equilibrated system was then subjected to production MD simulation. All molecular dynamics simulations were carried out using GROMACS 4.6.1 44 with OPLS forcefield 45, 46 in an isothermal-isobaric (NPT) ensemble using periodic boundary conditions. Constant temperature and pressure was maintained using vrescale 47 and Parrinello-Rahman 48 algorithms, respectively, with coupling constants of 0.1 and 2 ps, respectively. Long-range electrostatic interactions were calculated using the Particle Mesh Ewald (PME) method 49, 50 and a 10 Å cut-off was set for van der Waals and short-range electrostatic interactions. Equations of motion were integrated every 2 fs using the leap-frog algorithm. The nonbonded pair list was updated every 10 steps and conformations were stored every 20 ps. Secondary structure analysis was performed using the program DSSP. 51 Other analyses were performed using scripts included with the GROMACS (D. van der Spoel, E. One high-temperature unfolding simulation of MPT63 was performed at 550 K for 20 ns. The end point of that simulation was used as starting structure for conducting several refolding runs at 300 K. Eight independent trajectories were produced by generating different random velocities at the outset of NVT. The Gly25 residue of the denatured end point simulation structure of MPT63 derived from 550 K simulation was mutated to alanine using the mutagenesis utility of Pymol. In a similar manner, two other mutants (Val23Gly and Leu24Gly) were constructed. The mutant proteins were again subjected to several refolding simulations at 300 K.
